Introduction
mon set of molecular correlates of K v channel proteins and their auxiliary subunits. 5, 6 The The cardiac action potential (AP) profile is governed by the complex interaction of depolarizing and permutation of various combinations of the poreforming K v channels, combined with the existence repolarizing currents. Variation in the expression and biophysical properties of voltage-gated K + of an ever-increasing number of accessory proteins and modulatory pathways, provides ongoing chalchannels (K v ) in cardiac myocytes from different species as well as intra-cardiac regional variation lenges for understanding the molecular basis of myocardial electrophysiology. largely accounts for the wide variety of myocardial AP profiles observed. [1] [2] [3] [4] It is now becoming clear Generally, voltage-gated K + currents can be classified into two groups based upon their time-and that electrophysiological diversity of K v repolarizing currents between different cardiac regions, species voltage-dependent properties. The first group is the delayed rectifiers (I K ), which activate at variable currents by themselves in heterologous systems and are thought to regulate the activity of the K v2 rates and either do not inactivate or inactivate very slowly. While these currents can contribute to all subfamily. 6 Assembly of four K v -subunits into a tetrameric phases of repolarization, in most species they are more important for the later phases of restructure creates a functional I to channel. 16 The preponderance of evidence suggests that only K v polarization. Delayed rectifiers can be classified into the ultra-rapid, I KUR , rapid, I KR , and slow, I KS , delayed from the same family can assemble or co-assemble to form a functional channel. This co-assembly rectifiers based on their relative rate of activation. 7 The other group of currents is the Ca 2+ -independent depends critically on highly conserved N-terminal regions called T-or Nab-domains 17, 18 although extransient outward potassium current (I to ) which rapidly activates and inactivates following memceptions occur. 19 The pore-forming alpha subunit (K v ) contains six transmembrane domains (S1-brane depolarization. [2] [3] [4] 8, 9 As a result of its contribution to the early phase of S6), flanked by cytoplasmic amino and carboxyl termini. S4 is a highly positively charged segment repolarization, I to strongly affects L-type Ca 2+ current magnitude, thereby modulating excitationthat is involved in voltage sensing and channel activation. 16, 20 The P-loop (between the S5 and S6 contraction coupling processes and myocardial contractility as well as repolarization. As such, I to adds transmembrane domains) from each subunit project centrally to create the K + -selective pore structure 20 another level of diversity to its functional role via its interaction with other ionic currents such as the Lwith a structure likely to resemble that of the KcsA K + channel. 21 type Ca 2+ and delayed rectifier currents. [10] [11] [12] Because of these complex interactions, changes in I to can have With respect to I to expression in the heart, only K v1. 4 , K v1.7 , K v4. 2 , and K v4. 3 show substantial exunexpected consequences on the action potential (AP) duration 10, 11 and susceptibility to lethal arpression in the mammalian myocardium (Table  1) , 4, 6, 22 even though other K v genes can encode rhythmias. [13] [14] [15] A more thorough understanding of the electrical activity in the heart is clearly pivotal to for I to -like currents (i.e. K v3. 4 and K v4.1 ). Of these cardiac I to genes, only K v4.3 is alternatively spliced enable further elucidation of the function of normal and diseased myocardium as well as the development into two variants that are distinguished by the insertion of 19 amino acids into the proximal Cof novel strategies for the treatment of cardiovascular diseases. The purpose of this review article is to disterminus of the "long" variant. [23] [24] [25] Human heart expresses both alternatively spliced forms, 23 while cuss our current knowledge of the molecular basis for I to , including the role of auxillary subunits and the long K v4.3 variant is predominantly expressed in rat. 24 It appears that only the short variant regulatory pathways, and to approve the functional importance of I to in regulating the electrical and encodes for the functional I to in dog heart. 25 Following translation, K v -subunits are asmechanical activities of the heart. The alterations in I to in pathological states such as myocardial hypersembled in the endoplasmic reticulum and then undergo further post-translational modification trophy and heart failure and the mechanisms involved will be highlighted.
and maturation in the Golgi apparatus prior to transport to the sarcolemmae. 26 The distribution of these I to -encoding K v channels in the sarcolemmae displays a heterogeneous and tissue-specific pattern of expression. For example, im-
Molecular Properties of I to
munofluorescent studies revealed that K v4.2 was intensely observed in the peripheral sarcolemmae Pore composition and structure of K v channels and the intercalated disks in atrial myocytes, whereas in ventricular myocytes K v4.2 was obFollowing the identification of four Drosophila subfamilies of voltage-gated K + channels (shaker, shab, served predominantly in the transverse-axial tubular system. 27 Although the basis for this pattern shaw, shal), homologous families of pore-forming alpha subunits were uncovered in mammals. 3, 4 is unknown, membrane targeting signals that are responsible for their differential targeting to the These K + channels were classified using the K vx.y nomenclature, where K v indicates a voltage-gated sarcolemmae are known to reside in the Cterminus of K v channels. 28 Such a C-terminal motif K + channel, x represents the subfamily and y the number of the gene within the subfamily. 3, 6 Presin K v1.X channels (including K v1. 4 ) has recently been shown to be necessary for plasma membrane ently, nine families of pore-forming K v -subunits (K v1.x to K v9.x ) have been identified. [4] [5] [6] Members of localization and glycosylation of the K v subunits as well as their interaction with beta-subunits. 29 the K v5 , K v6 , K v8 , and K v9 subfamilies do not express Regulatory subunits and cytoskeletal interaction reductase enzyme with its active site positioned to potentially interact with the K + channel voltage Assembly of the alpha-subunits into pore-forming sensor. 5, 34, 36 -subunits can also assemble with a four-fold symmetric structure and are able to cotetramers is sufficient to generate functional K + channels. However, the level of expression as well assemble with the T1 domain of the K v -subunit (T1 4 4 ) 5,37 which occurs in the endoplasmic reas the biophysical properties of voltage-gated potassium channels are modulated by cytoplasmic proticulum prior to plasmalemmal insertion.
26
K v 1.3 (human) and K v 3 (human and ferret) teins, such as -subunits, KChIP, frequenin, and KChAP. Three highly homologous -subunit familhave been cloned from the heart. [30] [31] [32] 38 The expression of -subunits appears to be regulated in a ies, K v 1-K v 3, have been cloned. [30] [31] [32] [33] [34] channel proteins and augmentation of I to in rat ventricular myocytes was prevented by disruption while K v 2 also affects the level of its expression, which appears to depend critically on the oxof the actin microfilament network or microtubules, suggesting cytoskeletal involvement in trafficking idoreductase activity of the -subunit. 44 In contrast, expression of K v 1 or K v 2 subunits does not affect of newly synthesized K + channels to the plasma membrane. 55 Consistent with a role of the cyto-K v4.3 channel gating, but does increase current density and protein expression, which is dependent skeleton in affecting I to , K v4.2 subunit has been shown to be directly linked to the scaffold protein, upon the presence of the C-terminus of K v4.3 .
40
K v channels can also be regulated by KChAP filamin, which mediates its interaction with the actin cytoskeleton resulting in upregulation of K v4.2 (K v channel-associated protein), a member of the transcription factor binding protein family, by incurrents 56 while the K v 1.1 subunit associates with cytoskeleton by its amino terminus. 57, 58 creasing the functional cell-surface expression of specific K v channels without affecting other channel properties.
45-47 KChAP produces these effects by interacting with the N-termini of K v 2 and K v 1
Mechanisms of I to inactivation subunits and the C-termini of K v -subunits. 45 Coexpression with KChAP increases the amplitude of Inactivation is a hallmark feature of I to currents in the heart and refers to the process whereby channel K v1. 3 60 The inactivation of the native cardiac I to has been stratified into a slow, I to,s , and All three KChIPs (KChIP1, KChIP2 and KChIP3) co-localize and co-immunoprecipitate with the nata fast component, I to,f , with distinct recovery from inactivation in a wide variety of species and in ive K v4 channel and, as such, are considered integral components of K v channels. 48 KChIP2 has tissuedifferent regions of the heart 4 (see Table 1 ). For example, in the mouse myocardium I to,s and I to,f specific expression in the heart. 48 Co-expression of K v4.2 with KChIP1, 2 or 3 increased the density of appear to be encoded by K v1.4 and K v4.2/4.3 channels, respectively 4,64 (see Table 1 ). K v4.2 currents, indicating that KChIPs may promote and/or stabilize expression of K v4.2 at the cell surface.
N-type inactivation is the best-understood gating transition in ion channels. It occurs by a "ball-andIn addition, co-expression changes the biophysical properties of heterologously expressed currents such chain" type mechanism wherein an N-terminal domain (inactivation gate) binds to its receptor at that they match almost precisely the I to recorded in rat myocytes. 
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A second type of slower inactivation, termed CMolecular basis for heterogeneity of I to in the heart type inactivation, has also been elucidated. 59, 67 This type of inactivation involves conformational Understanding the molecular basis for I to expression, changes in the outer mouth of the pore.
68-71 For function and regulation is central for the undermany channels, C-and N-type inactivation co-exist standing of normal and abnormal cardiac elecand are, in fact, kinetically linked. Indeed, in the trophysiology. I to currents can broadly be classified absence of N-type inactivation, entry into the Cinto two separate types although considerable diinactivated state is extremely slow but appears to versity and discrepancies remain to be resolved. occur quickly in the presence of the N-terminal The "rapid" or "fast" I to , referred to as I to,f , and the inactivation ball for K v1. 4 4-amino-pyridine (4-AP) can also block I to . 83, 86 suggesting that structural interaction between the Marked differences in the densities of I to,f and N-and C-termini is required for inactivation in K v4.1 I to,s exist between different species as well within channels. More recent work has definitively shown different regions in the same heart. I to,f has been that inner vestibule residues not associated with identified in adult ventricular and atrial myocytes the P-loops of K v4.1 channel pore are critical for this from most species and has been reasonably well unique inactivation, called V-type inactivation. 60 studied in rat, mouse, human, dog and ferThe interaction of K v -subunits with a variety of ret. 2, 4, 82, 87 By contrast, rabbit atrial and ventricular ancillary proteins can have profound effects on myocytes appear to produce primarily I to,s curthe inactivation kinetics (see above). In addition, rents. 9,88,89 I to,f density in rats and I to,s density in phosphorylation of K v subunits and/or subunit peprabbits are higher in atrium than in ventides provides another mechanism for regulating tricle, 9,90,91 whereas I to,f density in mouse shows the inactivation of I to . Ca 2+ /Calmodulin-dependent the opposite pattern. 78 Regional variations in I to,f protein kinase II (CaMKII) are abundant in the density within the ventricle also appears in canmammalian heart, with -CaMKII being the preine, 92 CaMKII-mediated phosrat 95-97 hearts. Many species with significant I to,f phorylation of the NH 2 -terminus of K v1.4 slows its express I to,s either within the same cell or in rate of inactivation and accelerates the recovery different myocytes isolated from various regions kinetics. 74 The inactivation of I to,f is also slowed of the heart. Although regional differences in the by CaMKII in human atrial myocytes. 75 In K v3.4 expression of I to,f and I to,s exist, the general pattern channels, PKC-mediated phosphorylation of several observed is that I to,s is preferentially expressed in N-terminal residues leads to reduced inactivation. 61, regions of the heart with longer APs, such as 76 K v 1 , 2 , and 3 -subunit protein sequences conthe septum, left ventricular endocardium and tain multiple putative PKA and PKC phosapex of the heart, while I to,f expression is favored phorylation sites, which may modulate its role in in epicardial regions, the right ventricle and the mediating inactivation of the K v subbase of the heart. Furthermore, the current density units. 5, 32, 35 Although I to has been traditionally conof I to,f when present appears to be far greater sidered to be a Ca 2+ -independent current, the asthan the corresponding levels of I to,s . This pattern of sociation of K v subunits with calcium-binding I to heterogeneity essentially contributes to regional proteins such as KChIPs and frequenin as well as variations of AP profiles. This in turn leads to a their regulation by Ca 2+ -dependent enzymes sugmore synchronous repolarization throughout the gests that functional I to currents in heart might in ventricle 1, 98, 99 and might also provide a mechanism for regional modulation of contractility. Further evidence for the contribution of K v4.X significantly higher in apical than septum cells. 78 Similarly, I to,f and I to,s in rat appear simultaneously currents to I to,f has been provided in studies using adenoviral transfection of dominant-negative K Table 2 ). Despite these findings, the issue of whether K v4.2 or K v4.3 or both densities are about two-fold lower in neonatal rat ventricular mocytes compared with adult myogenes are primarily responsible for I to,f in mouse remains unresolved. Strong support for the concytes. 106 Moreover, in neonatal myocytes I to,s and I to,f contribute almost equally to the I to density, 105, 106 nection between I to,s and K v1.4 in the mouse was recently generated in myocytes isolated from the which contrasts with adult rat myocytes where I to,s contributes less than 10% to total I to . 133 pathways. However, recent evidence suggests that one of the agonists used in these studies, methoxamine, directly blocks I to 138 thereby leading to an overestimation of the ability of -adrenergic stimulation to inhibit I to .
88, [132] [133] [134] The acute effects of -adrenergic stimulation on I to current density also display species specificity. For example, acute ap- an initial 14% increase followed by a 40% reduction in peak I to . 140 However, whether these changes depend on in vivo phosphorylation of K v1. 4 , as shown units such as -subunits, frequenin, KChAP and/ in vitro, remains to be determined. 140 or KChIP proteins (see above), local (autocrine As for acute applications of -adrenergic agonists, and/or paracrine) effects of thyroid hormone and chronic exposure of cultured neonatal rat ventangiotensin II, 106,126-128 and changes in PKA, PKC ricular myocytes to the -adrenergic agonist, and CaMKII-mediated phosphorylation.
55,74,75,129 Alphenylephrine (PE) also produced reductions in though it is generally accepted that K v4.2/4.3 encodes I to 137 that were subsequently shown to be associated for I to,f and K v1.4 is related to I to,s , there are exwith reductions in K v4.2 and increased in K v1.4 properimental findings which suggest that our undertein. 141 These changes are particularly relevant standing is far from complete. For example, rabbit since similar changes in K + channel expression I to shows characteristic features consistent with occur in heart disease (see below) and increased this current being entirely generated by K v1. 4 cardiac adrenergic stimulation is thought to consubunits. 9, 49, 79 However, treatment of cultured rabtribute to disease progression. This observation bit atrial myocytes with ADONs targeted against raises the intriguing question of whether reductions K v1.4 resulted in only partial reduction of I to 89 with in I to are mechanistically linked to the chronic even large I to reductions being produced by ADONs stimulatory effects from catecholamines. Although against K v4.2 and K v4.3 . Our western blot analysis of chronic application of endothelin-1 to cultured neorabbit myocardium (Fig. 1) suggests further that natal rat ventricular myoctes resulted in reduced large levels of K v4.2 as well as K v1.4 are expressed in K v4.2 protein levels, 141 acute application of enrabbit heart. It also seems likely that other I todothelin-1 (End-1) resulted in no change in I to forming channels might also contribute to cardiac density in adult 142 and neonatal ventricular myo-I to . Specifically, despite the fact that the K v1.7 channel cytes (Kassiri and Backx, unpublished data). has been shown to be expressed in heart at a high Acute PKC activation also leads to I to reduction in level, no definitive role for this gene in cardiac I to rat ventricular myocytes and in oocytes expressing has been established. This PKC-mediated effect was not accompanied by changes in the biophysical properties of I to in these Regulation of I to studies. 143 The modulation of I to by PKC might be an important mechanism for the reduction of I to in Various hormonal and/or paracrine systems have been shown to modulate the expression and magdiseases since PKC inhibition was able to reverse the reductions in I to observed in rat myocytes denitude of I to . In particular, the G-protein-coupled receptor agonists, endothelin-1, 1 -adrenergic rived from hypothyroid 126, 144 and diabetic 126, 145 hearts. 55 In contrast to the results in rat, PKC Changes in fatty acid metabolism have been linked to increased arrhythmogenesis and myoactivation has no effect on I to in normal and failing canine ventricular myocytes. As such, the shorter cardial dysfunction during myocardial ischemia and in diabetic hearts. 151, 152 Fatty acids (and their metaspliced variant of K v4.3 that presumably lacks a PKC phosphorylation site encodes for functional I to in bolites) and arachidonic acid inhibit I to density with prolongation of the AP in rat ventricular myocanine ventricle. 25 Ang-II has also been shown to have direct effects cytes. 142,153,154 The K v4.3 current underwent a similar reduction in response to a n-3 polyunsaturated on I to in the myocardium. Incubation of canine epicardial ventricular myocytes with Ang-II reduces I to fatty acid.
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The I to -suppressing activity of arachidonic acid was PKC-dependent 142 but indensity but more importantly transforms the epicardial fast I to , assumed to be K v4.3 -based, 25 ,102 into dependent of the intracellular cyclooxygenase pathway. 153 Although multiple other putative regulatory a current resembling slow I to , typical of the canine endocardium. 128 Indeed, changes in biophysical factors of I to have been described, such as glucocorticoid (dexamethasone) exposure, 156 acidoproperties of these currents resemble closely the differences observed between K v4.X -based currents and sis, 157 and oxidative stress, 87 their precise physiological roles remain to be defined. K v1.4 -based currents. 49, 80 Remarkably, the Ang-IImediated effect occurred without measurable changes in K v1.4 and K v4.3 mRNA levels. Conversely, treatment of the endocardial myocytes with the AT1
Role of I to in modulating action potential profile and Ca 2+ handling blocker, losartan, converted slow endocardial I to into a much faster I to resembling that observed in epi-
The influence of I to on AP profile differs remarkably cardium. 128 These observations have profound implications in the understanding of I to by suggesting between different species. Differences in AP duration resulting from variations in I to depend critically on that biophysical properties of I to can be changed dramatically without alterations in expression.
the kinetics and magnitude of the other repolarizing and depolarizing currents that are present.
11,158
Thyroid hormone, a member of the steroid hormone superfamily, has profound effects on I to curMoreover, the complex interplay between the various currents in myocytes can lead to changes in rents. In rat hearts, hypothyroidism prolongs AP duration in conjunction with reduced I to density, AP profile in response to variations in I to that are not readily apparent 11 (see Fig. 2 ). Two currents of decreases K v4.2 expression and increases K v1.4 levels 146 which is likely responsible for slowing I to particular interest in all species when considering the net effects of I to changes on AP profile are I Ca,L rate of recovery from inactivation. 127 Conversely, hyperthyroidism in rat ventricular myocardium inand I Na/Ca , because of their importance in regulating myocardial contractility and in generating arrhycreases I to current density with elevated K v4.2 and K v4.3 expression and reduced K v1.4 expression. 106,127, thmias such as early and delayed after depolarizations (EADs and DADs). 141, 146 The thyroid hormone T3 (tri-iodothyronine) may be responsible for the postnatal changes in AP In mice and rats I to dominates repolarization and is largely responsible for the brief triangular AP duration, which have been linked to changes in the transcriptional and protein patterns K v1.4 , K v4. 2 profile. This phases which leads to enhanced myocardial contractility in transgenic mice. 118 Moreover, 4-aminoobservation suggests that developmental changes in thyroid status play an important role in the agepyridine (4-AP)-induced prolongation of the AP leads to elevated contractility in the working mouse dependent electrical remodeling that occurs, 106, 127 although the expression of many other proteins that heart model. 167 In myocytes derived from normal and hypertrophied rat hearts, AP prolongation folaffect electrical properties in heart are influenced by thyroid hormone. [148] [149] [150] This pattern of change in lowing I to reduction has been shown to increase L-type Ca 2+ influx, enhance peak Ca 2+ transient I to -encoding genes readily explains the changes in I to recovery kinetics which underlies the disamplitude and augment unloaded cell shortening. 12, 13, 120 This augmentation of Ca 2+ transient appearance of rate-dependent changes in action potential duration that occur during developamplitude occurs in response to a 75% reduction in I to but not with a comparable reduction in the ment, 106 suggesting further that K v1.4 is linked to I to,s while K v4.2/3 encodes for I to,f .
inward rectifier current (I K1 ) as illustrated in Figure Figure 2 Numerical simulations of a canine cardiac AP with varying amounts of I to conductance. , although this has not been previously studied in a systematic manner). Model comine ventricular AP model, reductions in I to levels observed in diseased myocytes had minimal effects putations of a canine mid-myocardial cell have nicely illustrated the complex interactions of I to on AP duration after phase 1 repolarization in normal myocytes, but these I to reductions produced with I Ca,L and I Na/Ca as well as their effects on Ca 2+ cycling. 11, 169 massive prolongation in diseased myocytes when changes in Na + /Ca 2+ exchange activity as observed In larger mammals, the role of I to in setting the profile of the action potential is more controversial.
in disease were included. 169, 176 Similarly, in a canine atrial AP model, 177 reduction in I to beyond 50% and molecular changes have been found to be either regionally dependent 100, 184 or regionally indoes not cause further AP prolongation (Fig. 2) because of increased voltage-dependent recruitment dependent. 181 By contrast, I to,s as well as K v1.4 mRNA and protein expression are increased in the rat of the delayed rectifier currents, I KR and I KS . Moreover, using the human atrial AP model, 10 APD 90 infarct model at 6-8 weeks but not at 3 weeks post-infarction 120,121 and in renovascular hyperis significantly reduced following 50% and 90% reduction in I to (APD 90 =299, 275 and 259 ms at tensive rats, 178 suggesting that transcriptional control of K v1.4 is likely to be both time-and model-100%, 50% and 10% of control I to , respectively). On the other hand, simulations in both failing and dependent. A recent transgenic murine model of heart failure has demonstrated a marked downnon-failing human ventricular myocyte models 11 predict that a direct connection between reductions regulation of I to associated with AP prolongation during the hypertrophy stage. 166 in I to and AP prolongation, as observed in rodents, occurs when I to densities are large, as might be the The electrophysiological changes in heart disease have also been studied in two canine models. Like case for human epicardial myocytes. 94, 170 the rat, subendocardial canine myocytes surviving infarction show AP prolongation as well as reductions in I to density and changes in its kinetics within 2-5 days of infarction. [186] [187] [188] Unfortunately,
Role of I to in Disease States
no molecular correlates for these electrical changes have been investigated. In the pacing-induced canDownregulation of I to ine cardiomyopathy model, AP prolongation has been associated with reductions in fast I to,f in both A central and consistent electrophysiological change in cardiac hypertrophy has been the reducthe ventricular 102 and atrial myocytes. 189 The reductions in I to,f in canine ventricle from this model tion in I to , namely I to,f with concomitant changes in the level of expression of the K v -subunits. 25, 102, 103, 120, 178 are due entirely to reductions in the shorter spliced variant of K v4. 3 . 25 Unfortunately, despite measurable Compared to normal patients, myocytes derived from terminal heart failure patients have prolonged expression of I to,s in the dog endocardium 128 and significant increases in K v1.4 levels in the myo-AP duration and reduced I to densities in the epicardial myocytes 94,170,179 without significant difcardium of paced dogs, 25 the changes of I to in the endocardium of the pacing dog model remains to ferences in endocardial myocytes. 94 These electrical differences occur without significant kinetic or be determined. In addition, pacing-induced failure is associated with decreased I to and AP prolongation steady-state gating changes in the properties of I to , 180 which are fast in the epicardium (I to,f ) and in rabbits. 172, 190 As discussed above, the mechanism for I to downslow in the endocardium (I to,s ). 94 The I to,f reductions in the epicardium are linked to decreased mRNA regulation and loss of transmural heterogeneity in myocardial hypertrophy and heart failure is likely expression of K v4.3 , consistent with this protein encoding for I to,f in human heart. 103 mediated by a wide array of changes in neurohumoral and paracrine factors, regulatory subunits In the rat ventricle, there are temporal changes in the biophysical properties and expression of I to and/or cytoskeleton and cell metabolism. A clear example of the importance of neurohumoral acfollowing myocardial infarction, leading to AP prolongation. I to and K v4.2 and/or K v.3 protein levels are tivation in mediating dysregulation of I to is the ability of the angiotensin receptor (AT1) antagonist, decreased while APs are prolonged within 3 days in the left non-infarcted myocardium 163 (Kaprielian losartan, and ACE inhibitors to reverse the changes in AP duration and I to density in spontaneously and Backx, unpublished data). At 3-8 weeks postinfarction, I to,f and K v4.2/3 expression levels are furhypertensive rats. 182, 183 Moreover, the use of an ACE inhibitor in renovascular hypertensive rats ther decreased in the non-infarcted left 121 and right ventricle 120 and these changes persist at 4-6 months completely restores K v4.2 and K v4.3 mRNA levels, 178 and short exposure to Ang-II modulates the post-infarction. 161, 181 Similar reductions in I to and AP prolongation have been observed in other rat biophysical characteristics of I to in canine ventricular myocytes. 128 In the pacing-induced canine models of heart disease in spontaneously hypertensive rats, 182,183 catecholamine toxicity, 184 aorticmodel of heart failure, a local renin-angiotensin system (RAS) is upregulated with increased local banded rats, 97 and monocrotaline-induced right ventricular hypertrophy. 185 The expression levels of production of Ang-II. 191 The important pathophysiological role for the intra-cardiac and systemic K v4.2 and K v4.3 mRNA were reduced in renovascular hypertensive rats. 178 Furthermore, these electrical RAS [191] [192] [193] 118 In addition, changes in gene expression induced by neurohumoral factors (noevidence that K + current downregulation contributes significantly to altered repolarization in repinephrine, End-1 and Ang-II) and the activation of their corresponding signaling cascades have all heart disease. 99, 206 As already discussed, I to density appears to be reduced in hypertrophied and failing been shown to be dependent on Ca
2+
. [221] [222] [223] [224] [225] [226] [227] [228] [229] [230] AP prolongation also predisposes the heart to hearts regardless of the species, precipitating factors or the stage of the disease. characteristic EADs and/or DADs. [231] [232] [233] EADs arise from an imbalance between depolarizing currents Decreased I to would, therefore, appear to be a plausible contributor to AP prolongation in cardiac (primarily I Ca,L with possible contributions from the Na + /Ca 2+ exchanger) and repolarizing K + currents hypertrophy and failure, although the role of other repolarizing or depolarizing currents also needs to during late phase 2 of the AP. DADs on the other hand are linked to elevated [Ca 2+ ] i and spontaneous be considered. 14, 169, 207 Indeed, studies in the dog pacing model, in human patients and rat models Ca 2+ release leading to membrane depolarization via the Na + /Ca 2+ exchanger. 231,234-236 While the of disease have suggested that reductions in repolarizing currents are critical factors in AP proprecise contribution of reductions of I to to AP prolongation and arrhythmias remains uncertain in longation, 102,120,160,208-210 despite the fact that I to primarily affects the early repolarization period.
large mammals, its influence is almost certain to vary regionally and this might exaggerate the disWhile this result seems solid in rodents, as established by the recent transgenic results in which persion of refractoriness which predispose to reentry types of arrhythmias. 64 These binary mice show evidence for AV nodal essential for explaining AP prolongation. 169, 207 Specifically, a bimodal effect on AP duration is observed heart block, and multiple isorhythmic tachycardic ventricular dissociation 64 which are precursors for when I to density changes (see above). fibrillation. At the cellular level, there was also an physiological role of I to has still not been fully resolved due to complex interplay with other ionic increased frequency of early after-depolarizations in these binary transgenic mice. By contrast, elimcurrents which are only now being understood with the help of computer modeling. Although ination of I to,f alone, which comprises most of the normal adult I to in the mouse, 80 did not increase the there is strong evidence for transcriptional and translational regulation of I to , further studies are propensity for arrhythmias or abnormal myocyte repolarization 78, 122 which is presumably related to clearly needed to dissect the molecular mechanisms underlying the alterations in I to that occur during the upregulation of I to,s in the I to,f knockout model (see Table 2 ). The unique presence of cardiac hyperdevelopment, within different regions of the heart, in response to various neurohumoral factors and trophy and dilated cardiomyopathy in the K v4.2N dominant-negative murine model may represent a in cardiovascular disease. The in vivo modulation of I to using gene transfer techniques may also provide a combination of altered I to physiology and other biochemical and/or molecular changes.
64,118 Aluseful tool to elucidate its precise physiological role and to explore any potential therapeutic role for though a primary reduction in I to was not accompanied by myocyte hypertrophy, 64, 122 there changing the biophysical properties of I to . remains the intriguing possibility that alterations in I to physiology may play an important role in modulating the hypertrophic response to neurohumoral hormones and/or mechanical stress. 
